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TABLE I. Various results in the literature for stochastic magnetic diffusion.
Quasi-linear7

Quasi-linear8

Dst
3.5  106 m
2
2 m2/s
DM 0:3  0:4 m =s
2
ve
20 m /s
46 m2/s

Field line tracing9 Field line tracing10
4.6  107 m
0.29 m2/s
6.7 m2/s

3 m2/s

particle flux as a result of RMPs was performed in low confinement L-mode.20,21 The only work on fluctuation changes
as a result of RMPs in H-mode was performed on
DIII-D.19,22,23 Moyer et al.22 showed at high collisionality
that although magnetic fluctuations increase, there is no
change to the radial electric field. However for low collisionality, the radial electric field in the pedestal area becomes
more positive and at the same time the far infrared (FIR)
coherent scattering (a non-localized measurement) shows that
there is an increase in turbulence in the plasma edge.19 More
recent work by Yan24 also shows a large increase in ion-scale
density fluctuations deeper into the core, which respond
instantly to changes in RMP amplitude. In this paper, we not
only look at the changes in density fluctuations but also at the
linear growth rates and E  B shear to understand what is
causing these changes. In Sec. II, we will first introduce the
two sets of experiments where the RMP amplitude was varied
from discharge to discharge. Then in Sec. III, we introduce
the first direct perturbative diffusion (D) and inward pinch (v)
measurement changes as a result of RMPs. These indicate that
particle transport increases over a large radial range, not just
at the plasma edge as shown before. In Sec. IV, we look more
specifically at changes in turbulent particle transport in the
core. In Sec. V, the changes in fluctuations in the edge are
compared to the changes in linear growth rates. Finally, we
end with a discussion and conclusion.

for ELM suppression. The RMP-coil currents are slightly
lower and suppression is observed at 4 kA. More importantly,
in the second half of these discharges, starting at 2400 ms a
modulated gas puff is applied. This gas puff causes the density to change and allows us to calculate the perturbed D and
v from changes to the radial density profiles as measured by
the reflectometer.25 For the discharges in Fig. 1(a), we compare the different density profiles at 3000 ms, whereas for the
discharges in Fig. 1(b), this analysis is performed at 2150 ms
for the no RMP case and 2300 ms for the discharges with
RMP-coil current. The modulated gas puff is applied later in
the discharge and does not affect the reconstructed density
profiles. For the discharges containing ELMs, we average
over several 100 ms to obtain enough data points for the profile fit that are in the 80%–99% of the ELM cycle. For RMP
ELM suppressed discharges 100 ms are enough to get sufficient data points for a good profile fit [Figs. 2(a) and 2(b)]. In

II. EXPERIMENTAL SETUP

In this paper, we discuss two sets of discharges, where
the RMP-coil current was varied from discharge to discharge.
In this paper, we only discuss results for low collisionality discharges where   ¼ q95 R3=2 k1
e  0:05. Here, R is the
major radius, ð a=RÞ is the inverse aspect ratio, a is the
minor radius, q95 is the safety factor at the 95% flux surface
and kð¼ vTe se Þ, the product of electron thermal velocity vTe ,
and collision time se is the mean-free path for electron collisions. Both experimental setups are in the ITER similar shape
(ISS), with average triangularity hdi  0:53. Both experimental setups are at similar conditions when RMP-coil n ¼ 3, with
n the toroidal model number, perturbation is applied; line
averaged density (5  1019 m3 Þ; q95 ð3:5 versus 3:7Þ, plasma
current Ip ¼ 1.65 MA, axial toroidal magnetic field BT ¼ 1.9 T.
Figures 1(a) and 1(b) show the time evolution of these
discharges. Figure 1(a) illustrates that there is a reduction in
the line-averaged density when we apply the RMP-coil current. If enough RMP-coil current is applied, then the ELMs
are suppressed, as can be observed from the Da trace. The discharges in second experiment [Fig. 1(b)] have a similar temporal evolution. The main differences are that the q95 value is
slightly lower but still inside the so-called resonant window

FIG. 1. Temporal evolution of the two experimental setups discussed in this
paper. (a) In these discharges, q95  3:5 and the line integrated density
before the RMP-coil is activated is ne  5  1019 m3 . During these discharges, a modulated gas puff is applied in order to obtain the perturbed D
and v measurements. The RMP-coil current is varied from 0 to 4 and 6.2 kA
and at 6.2 kA ELMs are suppressed, as shown in the Da traces. (b) These discharges are very similar to the ones in (a). The main difference is in a
slightly higher q95  3:7 and lower RMP-coil currents, namely 2 and 4 kA.
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FIG. 2. Experimental density profiles in normalized poloidal flux WN at
3000 ms from the Thomson scattering system with calculated fit for (a) discharges 126443 (0 kA black), 126435 (4 kA blue), and 126442 (6.2 kA red);
(b) discharges 142245 (0 kA black), 142254 (2 kA blue), and 142243 (4 kA
red). In all of these discharges, there is a reduction in the density profile that
penetrates all the way into the core.
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FIG. 3. a=Ln with fitting uncertainties for three discharges: without RMP,
4 kA, and 6.2 kA. (a) shows the increase in a=Ln from WN ¼ 0  0:9 with
increasing RMP and (b) shows the decrease in a=Ln from WN ¼ 0:9  1
with increasing RMP.

both figures, we observe that the changes to the density profile
are not just limited to the pedestal area but that the density
drops over the whole radial profile. In Sec. III, in order to
characterize the changes in the density profile, we use a
dimensionless number, the inverse density scale length,
a=Ln ¼ a=nðdn=drÞ.

This is represented in the continuity equation by introducing a perturbed n~ðr; tÞ ¼ AðrÞexpði½xt  uðrÞ, see Eq. (1).
Here n~ is the perturbed density, r is the radial location, t is
time, A is the measured amplitude, x is the measured frequency, and u is the measured phase shift of the perturbed
density.


d~
n
1d
d~
n
~
¼
rD þ rV n~ þ S:
(1)
dt
r dr
dr

III. CHANGES IN DENSITY PROFILES AND PARTICLE
TRANSPORT

By rewriting the continuity equation in function of D and v,
together with the Fourier decomposition of the modulated

Due to the fact that there is a global change in the density
profiles [Figs. 2(a) and 2(b)], in order to be able to compare
the changes in profile shape, we need to transform the profiles
into a dimensionless number. The inverse density scale length
a=Ln captures the changes in profile shape while correcting
for the global changes as a result of global density reduction.
Figures 3(a) and 3(b) show the changes in a=Ln . Figure 3(a)
focuses on changes to the core; here a=Ln increases over the
whole radius with increasing RMP-current, whereas in the
pedestal area [Fig. 3(b)], a=Ln decreases with increasing current. This illustrates that the changes to the density profile are
not just limited to the plasma edge.
Similarly, the first perturbed D and v measurements
show that the changes to the particle transport are not just
limited to the plasma edge (Fig. 4).26 These D and v measurements are the result of the modulated gas puff experiments, which alter the density profiles.

FIG. 4. Perturbed D and v measurements for three discharges with 0, 2, and
4 kA. D increases with increasing RMP-coil current and the inward pinch v
decreases.
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density profiles (which give us A and x), we can derive the
perturbed diffusion and convection terms of the perturbative
particle transport [Eqs. (2) and (3)]. Note that at this point,
we are ignoring the perturbative particle source from the gas
puffs, since no radial measurements of the fueling source are
available for analysis. This technique is explained in more
detail by Takenaga et al.27
D¼

xðYsinu þ XcosuÞ
;
rðdu=drÞA

xðdA=drY  du=drAXÞsin u
rðdu=drÞA2
xðdu=drAY þ dA=drXÞcos u

;
rðdu=drÞA2

(2)

V ¼

(3)

Ð
Ð
where X ¼ r Acosudr and Y ¼ r Asinudr.
Increasing RMP-current reduces the perturbed inward
pinch, v, and increases the perturbed diffusion, D (see Figure
4). Both these results indicate that particle transport increases
as a result of RMPs and that this increase is not just limited to
the plasma edge.26 The results indicate that ratio of v/D is
reduced in magnitude when the RMP is applied over the
whole radial region. The results based on the inverse density
scale length indicate that there should be a difference between
the edge of the plasma and the core, assuming that rn=n is
proportional to v/D. The most logical explanation as to why
the v/D ratio in the edge does not follow the trend in rn=n is
the result of the missing modulated neutral fueling source in
our calculation of the perturbed D and v measurements. In
Sec. IV, we will look at the changes in turbulence characteristics in the core area and show that the changes are indicative
of an increase in turbulent particle transport.
IV. CHANGES IN CORE TURBULENCE

Generally, we observe an increase in density fluctuations
when we apply n ¼ 3 RMPs in DIII-D H-mode plasmas.19,22,23
Figure 5 is an example of such an increase in density fluctua-

FIG. 5. Time evolution of a discharge with 4 kA RMP-coil current. At
q  0:82, the density fluctuations at kh qs  0:3  0:5 instantly increase
when the coil current is applied.

tions measured with the beam emission spectroscopy (BES).29
When the RMP-coil current is applied, the density pump-out
is observed, but on a faster time-scale, there is an increase in
the density fluctuations. The density fluctuations, n~, at kh qs 
0:3  0:5 initially increase by 50%, where kh is the wave
number and qs is the ion sound gyroradius.
These increases are not only observed at normalize radius, q  0:82 with the BES, but over a large radius from
q ¼ 0:7  0:85 (Fig. 6). Figure 6 shows that the density fluctuations increase after the application of the RMP-coil current and that this increase is observed over a large radial core
region. Previous work30 shows that there is no correlation
between the changes in a=Ln and the increase in n~=n in this
region. However, a large reduction in the E  B shear is
observed in this region.31 Figure 7 shows that the E  B
shear is substantially reduced and that this reduction is the
same for 4.0 and 6.2 kA RMP-coil current in these discharges. By comparing the value of the E  B shearing rate
with the linear growth rate, calculated by a trapped gyroLandau fluid transport model (TGLF),32 we observe that at
WN  0:8, the linear growth rate is larger than the E  B
shearing rate for the RMP discharges (E  B  50 krad/s versus c  100 krad/s). The linear growth rate at this radial location for kh qs  0:5 remains similar for all the discharges,
namely 100 krad/s. All these changes indicate that turbulent
particle transport increase in the core as a result of RMPs.

V. CHANGES IN PEDESTAL TURBULENCE

In the pedestal, the changes are more complex and a
direct inference on changes to the particle transport are less
obvious than in the core, where everything points to an
increase in turbulent particle transport. Previous work did
find a correlation between the changes in a=Ln and n~=n at
kh qs  0:5, both values decrease with increasing RMP-coil
current.30 Based on these results, we calculated the linear
growth with TGLF for kh qs  0:5. The linear growth rate
captures more information than the inverse density scale
length. We find that at WN ¼ 0:95 the linear growth rate
decreases, similarly as the n~=n. In Fig. 8, the n~=n are plotted

FIG. 6. Changes in n~=n as measured by the BES from q ¼ 0:7 up to
q ¼ 0:85. Applying RMPs leads to an increase in n~=n over the whole measured radius.
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FIG. 7. E  B is strongly reduced as a result of RMPs from WN ¼ 0:7 up to
WN ¼ 0:9.

versus c at kh qs  0:5. Similarly to the results for a=Ln versus n~=n, we find a correlation.
Where previous results focused on ion-scale density fluctuations, in this paper we also present the density fluctuations
of the Doppler backscattering (DBS)28 at medium-scale, kh qs
 1 (Fig. 9). Where at ion-scale the density fluctuations
decreased in the plasma edge,31 at medium scale they increase
if enough RMP-coil current is employed (Fig. 9). If we compare the changes in linear growth rate at kh qs  1 with n~=n,
although the behavior in n~=n at this scale is very different
from that at ion-scale, there is again a correlation (Fig. 10). In
this case, the linear growth rate actually increases, similarly to
the density fluctuations.
In summary, in the pedestal, depending on what turbulence scale you observe, RMPs can increase or decrease density fluctuation levels. To complicate the relation to particle
transport, there is no clear drop in the E  B shearing rate.31
This makes any interpretations as to the how turbulent particle transport changes in this area impossible.
VI. DISCUSSION AND CONCLUSIONS

In the Sec. III, we introduced first measurements of the
perturbed diffusion and inward pinch coefficients in RMP
H-mode plasmas. These transport coefficients are not equal
to the equilibrium transport. In order to connect the perturbed particle transport to the equilibrium transport, modeling of both the perturbed as well as the equilibrium
conditions are needed to relate both to each other. Another

FIG. 8. Linear correlation between the linear growth rate calculated by
TGLF and n~=n at kh qs  0:5 from the BES.

FIG. 9. Changes in n~=n at kh qs  1  1:5 at the plasma edge. At this
k-scale, n~=n increases only when enough (4 kA in this case) RMP-coil current is applied.

aspect that needs to be addressed is the influence of the gas
puff on the perturbed results themselves, especially at the
plasma edge. Although the gas puff is only 10 ms long in duration, its magnitude is large enough to influence the perturbed measurements in the plasma edge. Therefore, future
modeling of the particle transport with TGLF and the neutral
fueling at the plasma edge are required to couple the perturbed particle transport to the equilibrium transport.
In Sec. IV, the large reduction in E  B shearing below
the linear growth rate and an increase in n~=n are an indication that turbulent particle transport is increasing as a result
of the applied RMPs. In order to make predictions for future
machines, we need to understand what is causing this reduction in the E  B shearing rate. In Fig. 11, we show that there
is a large change in the carbon toroidal rotation in this region
of the plasma. The toroidal rotation decreases inside W 
0:85 and increases outside of this radius. This indicates a
change in carbon toroidal rotational shear. This is the largest
contributor to the changes in E  B shearing rate, since the
changes in pressure gradient are mostly located in the pedestal area and not in the core.
The reduction in the E  B shearing rate is so substantial
that understanding the changes in toroidal rotation are vital
to predict the changes in particle transport and also the density pump-out. Previous work on non-resonant magnetic
fields (NRMF) in QH-mode discusses the same

FIG. 10. Linear correlation between the linear growth rate calculated by
TGLF and n~=n at kh qs  1 from the DBS.
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FIG. 11. Changes in the radial profile of the toroidal carbon rotation. The toroidal rotation decreases in the core and increases towards the edge.

phenomenon.33 In this paper, neoclassical toroidal viscosity
(NTV) is playing a critical role in modifying the changes in
toroidal rotation. Future modeling would be required to
address the changes in toroidal rotation as a result of RMPs
versus NRMFs.
Although the changes in turbulence characteristics in the
pedestal area do not point to a clear change in particle transport, the fact that the linear growth rates correlate with the
changes in density fluctuations at different k-scales is an important result (Sec. V). The main question in these results is,
what is driving what. Are the changes in experimental profiles creating the changes in density fluctuations or are the
changes in fluctuations leading to the changes in experimental
profiles? In this paper, we only focus on the changes once the
plasmas have reached a steady-state, in order to address this
chicken and egg problem, detailed time-dependent analysis
of the fluctuations and the growth rates is required. If this
analysis would point out that the changes in turbulence are
along for the ride in the pedestal area, there are still a vast
number of theories (as discussed in the Introduction) that
could explain the changes in particle transport in the pedestal.
One of the main concerns when explaining the changes
in particle transport as a result of RMPs is the lack of
changes in heat transport. Especially the changes in electron
temperature appear non-existent at first glance. Where with
particle transport, there is the global observation of the density pump-out and an overall reduction in density profiles,
nothing similar exists for the heat transport. However, if you
examine the changes in electron temperature more closely,
by using a dimensionless number, a=LTe ¼ ða=Te ÞðdT e =drÞ,
there are small but significant local changes in the electron
temperature profile (Fig. 12). Future modeling of the heat
transport is needed to address how much the heat transport
changes.
To summarize, in this paper we introduced the first
direct perturbed particle transport measurements in RMP
H-mode plasmas. The perturbed particle transport increases
as result of RMP deep into the core. In the core, a large
reduction in E  B shear, below the linear growth rate, in
conjunction with increasing density fluctuations is consistent
with an increase in turbulent particle transport. In the edge,
the changes in turbulent particle transport are less clear.
There is a clear correlation between the linear growth rates

FIG. 12. a=LTe for three discharges: without RMP, 4 kA, and 6.2 kA. (a)
shows the increase in a=LTe from WN ¼ 0  0:9 with increasing RMP and
(b) shows the decrease in a=LTe from WN ¼ 0:9  1 with increasing RMP.

and the density fluctuations measured at different scales, but
it is unclear which is cause and which is consequence.
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